payer. Two cost-effectiveness thresholds were considered: $100 000 or less and $50 000 or less per quality-adjusted lifeyear (QALY) gained.
Model Structure
We constructed a Markov cost-utility model to compare the lifetime costs and health benefits of having mammography annually, biennially, or every 3 to 4 years or not having mammography. Each strategy included 6 health states: healthy (no breast cancer); ductal carcinoma in situ (DCIS); localized, regional, or distant invasive breast cancer; and death. All women started in the healthy state and could stay healthy, die, or transition to DCIS or one of the invasive breast cancer states. Those with DCIS could transition to an invasive breast cancer state or die of causes other than breast cancer. Those with invasive breast cancer could die of breast cancer or other causes. No transitions from localized to regional or distant or from regional to distant breast cancer were included; stage distribution at the time of diagnosis would capture the effects of these transitions up to the point of diagnosis, and our data tracked mortality and costs over years since diagnosis according to stage at the time of diagnosis.
Breast Cancer Incidence Rates
We estimated the incidence rates of invasive breast cancer and DCIS by age (Supplement, available at www .annals.org) by using 1975 to 2005 data from the Surveillance, Epidemiology, and End Results (SEER) database (22) . Data from Tice and colleagues' study (20) were used to adjust these rates for breast density (Figure 1) , history of breast cancer in a first-degree relative, and history of breast biopsy (Supplement).
Ductal carcinoma in situ is usually discovered by screening mammography (23) . The incidence of DCIS was assumed to be 4-fold higher among women who had mammography than among those who did not (23, 24) . We
Context
The optimal timing and frequency of screening mammography are controversial.
Contribution
This analysis found that the cost-effectiveness of screening mammography depended on a woman's age, breast density, family history, and history of breast biopsy. Mammography every 2 years was cost-effective for women aged 40 to 49 years with relatively high breast density or additional risk factors for breast cancer. Mammography every 3 to 4 years was cost-effective for women aged 50 to 79 years with low breast density and no other risk factors.
Implication
Decisions about when and how often to have screening mammography could be personalized on the basis of risk factors. also assumed that women with DCIS who had no mammography would have a 3.4-fold greater risk for subsequent invasive breast cancer than healthy women, and those with DCIS who had mammography would have a 1.9-fold greater risk (25, 26) .
-The Editors

Stages of Incident Invasive Breast Cancer
We assumed that invasive breast cancer is more likely to be diagnosed at an advanced stage in women who have no or less frequent screening mammography. The proportions of women in each stage of invasive breast cancer who have screening mammography were estimated by using data (number of years between the date invasive breast cancer was detected and the most recent previous mammogram) from the Breast Cancer Surveillance Consortium (BCSC) from 1996 through 2006 (27) . Women who last had mammography 0.5 to 1.5 years (6000 women), 1.5 to 2.5 years (2846 women), or 2.5 to 5.5 years (1433 women mean, 3.5 years) before the date on which their cancer was Proportion does not fall between the estimates for high and low breast density because of a very slight estimation error when the stage distributions stratified by both age and breast density were estimated from generalized ordinal logit regressions. Sensitivity analyses showed that this error did not significantly influence the costs per QALY gained (data not shown). ¶ BI-RADS category 1 or 2 breast density. ** BI-RADS category 3 or 4 breast density.
Original Research Personalizing Mammography by Breast Density and Other Risk Factors detected were assigned to annual mammography group, biennial mammography group, and mammography every 3 to 4 years group, respectively ( Table 1) . The stage distributions at each mammography frequency thus included both women whose invasive breast cancer was detected by mammography (true-positive results) and those whose breast cancer was diagnosed by other means (false-negative results). The proportions of women with local, regional, and distant breast cancer did not significantly differ between the annual and biennial mammography groups (Supplement).
The BCSC data include only women who have had mammography. We used SEER program data from 1975 through 1979 (28), when screening mammography was infrequently used, to estimate the proportions of women not receiving mammography who had localized, regional, and distant breast cancer at the time of diagnosis, stratified by age alone (29) . These proportions were not stratified by breast density because those data are not available for these women ( Table 1) .
Proportion of Mammography That Yields False-Positive Results
The proportions of false-positive mammography results were estimated by using data from the BCSC (20, 30) for each subgroup defined by age and breast density (range, 3.1% [age 70 to 79 years, BI-RADS category 1] to 9.9% [age 40 to 49 years, category 3 or 4]) (Supplement).
Mortality Due to Breast Cancer or Other Causes
Breast cancer mortality by age at diagnosis, stage at diagnosis, and years since diagnosis was calculated from the SEER data (28) . We assumed no excess breast cancer mortality more than 20 years beyond the year of diagnosis. Overall mortality by age was calculated by using vital statistics data for 2003 for all U.S. women (31) .
Direct Medical Costs of Mammography and Breast Cancer
We calculated the annual cost of film mammography by dividing $108, the median Medicare reimbursement in 2008 (32), by the interval between mammography screenings. The direct costs of DCIS and invasive breast cancer ( Table 1) were calculated by using data from Taplin and colleagues (33) and Yabroff and colleagues (34) , respectively, as well as Medicare reimbursement rates, and updated to 2008 U.S. dollars by using the Consumer Price Index for medical services (35) for the initial year after diagnosis, the final year of life, and the years in between according to stage at diagnosis. False-positive mammography results were assumed to generate additional procedures costing $396 in 2008 U.S. dollars (36) .
Loss of Quality of Life Due to Breast Cancer
Quality-of-life values for the healthy state were estimated from the general female population of Sweden, according to age (37) . We calculated the loss in quality of life during the first and subsequent years after diagnosis of DCIS or invasive local, regional, or distant breast cancer by using EuroQol-5D values for Swedish women with breast cancer at different stages ( Table 1 ) (38) .
Base Case and Secondary Analyses
We assumed no family history of breast cancer and no previous breast biopsy for the base-case analysis and a family history of breast cancer or previous breast biopsy for the secondary analyses. Our analyses compared all 3 mammography frequencies and no mammography in models with breast cancer stage distributions stratified by age only and also compared the 3 mammography frequencies in models with distributions stratified by age and breast density.
Sensitivity Analyses
We performed univariate sensitivity analyses that compared screening mammography every 3 to 4 years with no mammography for women aged 40 and 49 years who had BI-RADS category 3 breast density, and we varied DCIS incidence, breast cancer incidence, mortality, costs, and disutility over wide ranges. Additional univariate sensitivity analyses varied the cost of film screening mammography from $78 to $138 and assumed a smaller or larger stage 
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Personalizing Mammography by Breast Density and Other Risk Factors shift from advanced to local disease (proportion of local breast cancer Ϯ 0.05 compared with the base case) for mammography every 3 to 4 years. Sensitivity analyses were done that assumed a 1-time QALY loss of 0.013 years (4.7 days) after a false-positive mammography result (39) and an overdetection rate (percentage of detected cases of invasive breast cancer that are nonprogressive lesions that pose no threat to the life or health of the person) of 10% (40 -42) . The Supplement provides details of these distributions. Probabilistic sensitivity analyses were used to estimate the degree of uncertainty of the estimates of costeffectiveness. We ran simulations that allowed all of the assumptions to vary at random across reasonable ranges ( Table 2 ) except for the cost of mammography, which was fixed at the base-case value of $108.
Calculations
The base-case, secondary, and univariate sensitivity models were run as Monte Carlo simulations with 1 000 000 trials each. Both costs and health benefits were discounted at an annual rate of 3%. The costs per QALY gained for each strategy represented the incremental lifetime costs divided by the incremental lifetime QALYs, compared with the next less expensive alternative. Probabilistic sensitivity analyses were run with 500 simulations and 50 000 trials per simulation. Simulations that cost $100 000 or less per QALY were deemed to be cost-effective.
For each scenario, the number of women who would need to be screened over 10 years to prevent 1 death from breast cancer by using a more frequent screening strategy was calculated as the inverse of the difference in deaths from breast cancer between the less frequent and more frequent screening strategies.
Validation of the Model
Age-adjusted breast cancer incidence in the BCSC data set and our model-predicted incidence of breast cancer both match that of the SEER database very closely ( Figure  2) . In addition, our model-predicted cumulative incidence ratios for invasive breast cancer in women with BI-RADS category 1, 3, or 4 breast density, compared with those with category 2 breast density, were all within 2% of the estimates published by Tice and colleagues (Supplement).
Our model predicted a cumulative lifetime incidence of 12.35% and mortality rate of 2.99% for invasive breast cancer, starting at age 40 years. These values are close to the estimated lifetime incidence and mortality for invasive breast cancer estimated by SEER (11.92% and 2.89%, respectively) for cancer-free women aged 40 years (22) . Our model estimated that biennial mammography for women aged 40 to 69 years and 40 to 79 years reduced breast cancer mortality by 15% and 23%, respectively, compared with no mammography. A systematic review by the USPSTF (6) estimated that biennial mammography reduced breast cancer mortality by 16% and 25%, respectively, for women in the same age ranges.
Role of the Funding Source
Our study was funded by an unrestricted grant from Eli Lilly and by the Da Costa Family Foundation for Research in Breast Cancer Prevention of the California Pacific Medical Center. Data collection for this work was supported by grants from the BCSC. The collection of cancer incidence data used in this study was supported by several state public health departments and cancer registries throughout the United States. The funding sources had no role in the design, data collection or analysis, or interpretation of the study or in the decision to submit the manuscript for publication.
RESULTS
The most cost-effective frequency of mammography depended on a woman's age, breast density, family history of breast cancer, and history of breast biopsy (Tables 3 and  4) . Assuming a cost-effectiveness threshold of $100 000 per QALY gained, biennial mammography is cost-effective for women aged 40 to 49 years who have BI-RADS category 3 or 4 breast density or both a previous breast biopsy and a family history of breast cancer (Figure 3) . Biennial mammography is also cost-effective for women aged 50 to 59 years who have category 2, 3, or 4 breast density and for those with category 1 breast density and both a previous breast biopsy and a family history of breast cancer; for all other women in this age range with category 1 breast density, mammography every 3 to 4 years is cost-effective. Biennial mammography is cost-effective for all women Original Research Personalizing Mammography by Breast Density and Other Risk Factors aged 60 to 69 years except those with category 1 breast density and no additional risk factors; for that small subset, mammography every 3 to 4 years is cost-effective. Among women aged 70 to 79 years, biennial mammography is cost-effective for those with category 3 or 4 breast density and those with either a previous breast biopsy or a family history of breast cancer. For women with category 1 or 2 breast density and no additional risk factors, mammography every 3 to 4 years is cost-effective. The costs per QALY gained for annual compared with biennial mammography were more than $340 000 for all ages and categories of breast density (data not shown).
Assuming a cost-effectiveness threshold of $50 000 per QALY gained (Figure 3) , biennial mammography was cost-effective for women aged 40 to 49 years with BI-RADS category 3 or 4 breast density and either a previous breast biopsy or a family history of breast cancer, aged 50 to 79 years with category 3 or 4 breast density, or aged 50 to 79 years with category 2 breast density and either a previous breast biopsy or a family history of breast cancer. Mammography every 3 to 4 years was cost-effective for women aged 50 to 79 years with category 2 breast density and additional risk factors, aged 50 to 59 years with category 1 breast density and both a previous breast biopsy and a family history of breast cancer, or aged 60 to 79 years with either a previous breast biopsy or a family history of breast cancer.
A similar pattern was found when we considered only the benefits of mammography and not its costs. As age or breast density increased, many fewer women needed to be BI-RADS ϭ Breast Imaging Reporting and Data System; QALY ϭ quality-adjusted life-year. * Estimates shown reflect empirical data from the Breast Cancer Surveillance Consortium for mammography every 2 y. Cumulative incidence of false-positive mammography results are assumed to be the same regardless of whether mammography is performed every 3 to 4 y or every 2 y. † Number of women needed to screen over 10 y to prevent 1 death from breast cancer. ‡ Cost per QALY gained is for mammography every 2 y vs. no mammography because mammography every 2 y is weakly dominant over mammography every 3 to 4 y. Original Research Personalizing Mammography by Breast Density and Other Risk Factors screened to prevent 1 death from breast cancer ( Table 3) . For example, when mammography was performed every 3 to 4 years for 10 years, preventing 1 death from breast cancer required screening 337 women aged 70 to 79 years with BI-RADS category 4 breast density, compared with 4870 women aged 40 to 49 years with category 2 breast density ( Table 3) . When mammography was performed biennially instead of every 3 to 4 years for 10 years, preventing 1 breast cancer death required screening 2041 women aged 60 to 69 years with category 4 breast density, compared with 12 195 women aged 40 to 49 with category 2 breast density ( Table 3) . Of note, mammography detected far more falsepositive lesions than true cases of invasive breast cancer.
Assuming a 1-time disutility of 0.013 QALY for a false-positive mammography result and an overdetection rate of 10% for invasive breast cancer significantly increased the costs per QALY gained for mammography (Table 2). Our results were also sensitive to the magnitude of excess DCIS detection with mammography compared with no mammography, the shift from advanced to local disease with more frequent mammography, breast cancer incidence, and the assumed proportion of false-positive mammograms ( Table 2) . Among women aged 40 to 49 years with no additional risk factors for breast cancer, probabilistic sensitivity analyses showed that the probability of mammography every 3 to 4 years being cost-effective com- BI-RADS ϭ Breast Imaging Reporting and Data System; QALY ϭ quality-adjusted life-year. * Estimates shown reflect empirical data from the Breast Cancer Surveillance Consortium for mammography every 2 y. Cumulative incidence of false-positive mammography results is assumed to be the same regardless of whether mammography is performed every 3 to 4 y or every 2 y. † Family history of breast cancer in a first-degree relative (12.5% of women in the Breast Cancer Surveillance Consortium database) or previous breast biopsy (20.3%). ‡ Number of women needed to screen over 10 y to prevent 1 death from breast cancer.
pared with no mammography was less than 1% and 5.4%, respectively, for those with BI-RADS category 1 or 2 breast density. The Supplement presents additional probabilistic sensitivity analyses.
DISCUSSION
Our analyses suggest that recommendations about the frequency of mammography should be personalized on the basis of a woman's age, breast density, history of breast biopsy, and family history of breast cancer, as well as the effect of mammography on her quality of life. This differs from mammography guidelines that recommend mammography every 1 or 2 years starting at age 40 or 50 years regardless of other risk factors (14, 15, 43) . To our knowledge, ours is the first cost-effectiveness study of mammography to consider the effects of breast density, family history of breast cancer, and previous breast biopsy on the cost-effectiveness of mammography and to directly compare the cost-effectiveness of different frequencies of mammography with each other.
The USPSTF concluded that the benefits of mammography outweigh the harms of biennial screening for women aged 50 to 74 years; our results for screening women aged 50 to 79 years who have BI-RADS category 2, 3, or 4 breast density (Ͼ90% of all women in this age range) are consistent with this guideline. In contrast, our analysis found that mammography every 3 to 4 years is cost-effective for women aged 50 to 79 years who have BI-RADS category 1 breast density, no previous breast biopsy, and no family history of breast cancer, but that biennial mammography may not be. Our results indicate that annual mammography is not cost-effective, which matches the conclusion of the USPSTF.
The USPSTF recommended basing the intensity of screening mammography for women aged 40 to 49 years on factors that may be unique to each person. Our analyses suggest that women should have initial screening mammography at age 40 years. Assuming a cost-effectiveness threshold of $100 000 per QALY gained, biennial mammography is cost-effective for women aged 40 to 49 years who have BI-RADS category 3 or 4 breast density or both a family history of breast cancer and a previous breast biopsy. At a threshold of $50 000 per QALY gained, mammography can be offered to women aged 40 to 49 years with BI-RADS category 3 or 4 breast density and either a previous breast biopsy or family history of breast cancer.
For women aged 40 to 49 years who have BI-RADS category 1 or 2 breast density and no other risk factors, mammography may reasonably be resumed at age 50 years, with the frequency of subsequent screening determined in part by the woman's breast density (Figure 3, top) . Assuming a cost-effectiveness threshold of $50 000 per QALY gained, less frequent mammography may be appropriate, especially for women with category 1 or 2 breast density (Figure 3, bottom) . If breast density or other risk factors change with increasing age, the strategy can be altered accordingly. We believe that BI-RADS category should be included in mammography reports to assist primary care providers in recommending the best screening strategy to their patients.
Our analyses have limitations. First, our results are sensitive to the rates of DCIS detection and overdetection of invasive breast cancer with mammography, and they do not apply to women who carry the BRCA1 or BRCA2 mutation, for whom more frequent mammography and screening with magnetic resonance imaging may be indicated. Second, we could not determine the costeffectiveness of mammography every 3 years compared with intervals of 4 years or longer, because relatively fewer women in the BCSC had mammography less often than every 2 years. Third, we used qualitative BI-RADS classifications, which have modest interrater reproducibility (44, 45) , to assess breast density. However, our data came from the large BCSC, which includes hundreds of radiologists, so our results probably represent current practice for assessing BI-RADS breast density categories.
Fourth, we could estimate stage distributions by age but not breast density in the absence of mammography results. Stratifying the stage distributions by both age and breast density resulted in a lower estimated cost per QALY gained for women with BI-RADS category 3 or 4 breast density and a higher cost for women with category 1 or 2 breast density, compared with age alone, for mammography every 2 versus every 3 to 4 years. If this pattern is also true of mammography every 3 to 4 years compared with no mammography, we may have underestimated the costs per QALY gained for mammography every 3 to 4 years versus no mammography for those with category 1 or 2 breast density and overestimated the costs for those with category 3 or 4 breast density. However, the costs per QALY gained in scenarios in which mammography every 3 to 4 years seems to be the preferred strategy are so far below $100 000 that accounting for these biases would be unlikely to alter our conclusions. Fifth, early detection with screening mammography and improved treatment have decreased breast cancer mortality rates (3). If mortality reductions are greater for local than for more advanced breast cancer, then costs per QALY gained for mammography may be mildly overestimated, whereas if the mortality reductions are greater for advanced than for local breast cancer, the costs per QALY gained may be mildly underestimated.
Finally, our results are based on the use of film rather than digital mammography. Digital mammography is more cost-effective than film mammography for women with BI-RADS category 3 or 4 breast density and for women younger than 50 years, but not for women aged 50 years or older with category 1 or 2 breast density (36) . Thus, we believe our results are applicable to women older than 50 years and those younger than 50 years with category 3 or 4 breast density. More data are needed regarding Original Research Personalizing Mammography by Breast Density and Other Risk Factors the accuracy of digital compared with film mammography in women aged 40 to 49 years with category 1 or 2 breast density.
These uncertainties underscore the need for better methods of stratifying breast cancer risk and additional data to support their cost-effectiveness. Until such methods are available, we believe that considering breast density, previous biopsy, and family history of breast cancer when deciding on a mammography screening strategy is appropriate, on the basis of our analyses.
We took the perspective of a national payer for health services. From this perspective, our cost-effectiveness analyses might inform person who are developing guidelines on screening mammography. In contrast, from the perspective of an individual woman, the decision about how frequently to have screening mammography may emphasize trade-offs among the potential benefits (indicated by the number of women who need to be screened to prevent 1 death), potential anxiety from false-positive results, and relief from worry that a normal result sometimes affords. The emotional effect of mammography is difficult to quantify or weigh in cost-effectiveness analyses. Therefore, the decision about the best frequency of mammography will depend on understanding and weighing its benefits, costs, and limitations. Our analysis contributes to these decisions by showing that the potential benefits depend on a profile of risk factors that women and physicians should consider.
We conclude that the frequency of screening mammography should be personalized on the basis of a woman's breast density, age, family history of breast cancer, and history of breast biopsy. Women may choose to have mammography at age 40 years, and those with average or low breast density and no other breast cancer risk factors may choose to repeat screening at age 50 years (including reassessment of breast density) and start periodic screening at that point. In contrast to current guidelines, women aged 50 to 79 years who have low breast density and no other breast cancer risk factors (and who therefore are at lower risk for breast cancer) may consider having mammography less frequently than every 2 years. Biennial mammography is cost-effective for women aged 40 to 49 years who have relatively high breast density or additional risk factors for breast cancer. Other factors, such as the potential emotional effect of mammography, may also be considered when deciding when to start and how often to have screening mammography.
